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INTRODUCTION
Because about 95% of the fresh weight of a cucumber fruit is water (Tazuke and Sakiyama, 1984) , the import of water relative to photoassimilates must be important for the control of growth and quality of a cucumber fruit. Leaf growth is much more sensitive to water stress than photosynthesis (Boyer, 1970) . In tomato, a series of experiments were performed to investigate the effects of salinity (applied whether with concentrated nutrient solution or with NaCl ) on the growth of fruits (Ehret and Ho, 1986a, b, c ; Ho et al., 1987; Adams, 1991) . It was shown that salinity markedly reduced the growth in fresh weight of a tomato fruit, whereas the growth in dry weight was little affected, leading to a marked increase in percent dry matter. Using this experimental system, Ho et al. (1987) analyzed the import of water via phloem and xylem to a fruit and suggested that water import to a fruit is mainly via phloem and the concentration of phloem sap is increased by salinity. Yakushiji et al. (1996) analyzed the osmoregulation of water stressed Satsuma mandarin fruit. In order to make a similar analysis in cucumber fruit, we investigated the effects of NaCl salinity on the growth of cucumber fruit in solution culture (Tazuke, 1997a (Tazuke, , b, 2001 (Tazuke, , 2003 Tazuke and Wada, 2002) . When the aeration of the nutrient solution was sufficient, 60 mM NaCl had little effect on the growth in fresh weight of a fruit, whereas percent dry matter of a fruit was increased by salinity, suggesting the increase in the concentration of phloem sap. On the other hand, when the A simulation model of the growth of cucumber fruit in glasshouse has been proposed by Marcelis (1996) and Marcelis et al. (1998) . However , the model does not take into account of the effect of stress conditions. In order to apply the model in various types of control methods and growing seasons, some modifications will be necessary to take into account the differences in environmental conditions. In Japan, where subtropical summers and severe winters are experienced, it appears that the inclusion of responses to heat stress or chilling in the model may be necessary. The modeling of fruit growth in our experimental system can provide useful suggestions for the modeling of the fruit growth under various stress conditions. Logistic function is often used for the description of stress responses . For example, the leakages of electrolytes under high temperature stress of Citrus root (Ingram and Buchanan , 1984) and tomato fruit (Inaba and Crandall, 1988) In order to confirm the observations of Tazuke (2001) using destructive sampling in comparison with the data from non-destructive growth analysis, here I re-analyzed the data of Tazuke (1997a). Then, I constructed a model for the growth of cucumber fruits with the following assumptions : (i) the upper limit of the growth rate in volume of a fruit (GRmax) is determined by a logistic function added with a constant, the input of which is the sum of NaCl concentration and a Gaussian noise, and, (ii) a fruit grows exponentially until its growth rate reaches GRmax, and thereafter it grows linearly with the growth rate at GRmax.
MATERIALS AND METHODS
Fruit growth data. The measured values in our previous experiment (Tazuke, 1997a) were re-analyzed. In that experiment, cucumber (Cucumis sativus L. cv. Asomidori) plants were grown in a greenhouse at Osaka, Japan, in spring and autumn of 1989 and 1990 in hydroponics.
The solution was aerated by circulating for 5 min every 30 min during the day (from 6 a.m. to 6 p.m.) and every 60 min at night (from 6 p.m. to 6 a.m.), thus keeping the dissolved oxygen concentration low (at about 1 ppm). NaCl at concentrations of 0, 30, 50 and 60 mM was added to the solutions when the 10th leaves were expanding. Fruit volume of individual fruits was estimated non-destructively by a method described in Tazuke and Sakiyama (1984) twice a day at 8 a.m. and 6 p.m. The measurements were started when the fruits' length reached 9 cm, and continued for 3 to 4 days until the fruits grew as long as 20 cm. The average growth rate in volume of a fruit during the period of consecutive measurements (GR, cm3 h-1) was calculated for each fruit. An unpublished long-term growth data taken in the experiment (Tazuke, 1997a) is also shown. GRmax=A/(l+exp(B(x-C+De)))+E (1) where A, B, C, D and E are constants, x is NaCl concentration (mM) and e is a standard Gaussian noise with mean 0 and variance 1. After the parameters of Eq. (1) were determined, the growth of a fruit was simulated using Microsoft Excel 2000 as follows. The simulation was started at 8 a.m. The initial value of the fruit volume was set to 10 cm3, a typical volume of a fruit about 9 cm long. RGR at 0 mM NaCl and at n h after the start of the simulation was used as the potential RGR of a fruit (PRGRn). For spring conditions, it was set at 5% h-1 during the day (from 8 a.m. to 6 p.m.) and at 2.5% h-1 at night (from 6 p.m. to 8 a.m.). For autumn conditions, it was set at 3.5% h-1 during the day (from 8 a.m. to 6 p.m.) and at 1.8% h-1 at night (from 6 p.m. to 8 a.m.). The potential average growth rate between (n-1) h and n h after the start of simulation (PGRn) was calculated as follows:
where Vn-1 is the simulated fruit volume at (n-1) h after the start of the simulation. The average growth rate between (n-1) h and n h after the start of simulation (GRn) was set to PGRn if PGRn was smaller than GRmax, and it was set to GRmax if PGRn was larger than GRmax• Fruit volume n h after the start of the simulation (Vn) was calculated as Vn= From these simulated values of V,, average RGRs during the day (from 8 a.m. to 6 p.m.) and at night (from 6 p.m. to 8 a.m.) were calculated. For each NaCl concentration, 100 standard Gaussian noises were generated to simulate the growth of 100 fruits. The means and the standard deviations of the RGRs of the 100 fruits were calculated. The simulation was performed until control fruit (whose growth was determined by PGR) reached 100 cm3 in volume, the marketable size in Japan, because the assumption of exponential growth does not hold for the later stages.
The determination of the parameters of Eq. (1). The maximum growth rate of fruits observed in the measurements in spring during several consecutive fine days was plotted against NaCl concentration.
At 0 mM NaCl, the variation in fruit volume at the beginning of the measurement period resulted in a high variability of the maximum growth rate. In order to reduce this variability, the data were selected only from the fruits whose volume at the beginning of the measurement were larger than 10 cm3. The plotted data were fitted to the following curve using a BASIC program of the nonlinear least square method (Tone, 1981) .
The remaining parameter D was determined by a hand-made BASIC program as follows. At each NaCl concentration (x=30, 50 and 60 mM), and for each value of D between 0.2 and 25 mM at an interval 0.2 mM, the following procedure was repeated 100 times : the values of x , D and a generated value of Gaussian noise e, along with the predetermined values of A, B, C and E, were substituted into Eq. (1) 
The data for 0 mM NaCl were not included in the calculation of SS because at 0 mM NaCl , the variability of GRmax seemed to be mainly due to the variability of the initial volume of the fruits. The value of D which gave the minimum value of SS was used for the simulation.
RESULTS
Feasibility of the assumption of the model Examples of growth rate (GR) of fruits in fine days in spring and autumn are shown in Fig. 1 . In the experiment in spring, GR at 0 mM NaCl (control) increased as fruits grew (Fig .  1, a and b) , whereas at 60 mM NaCl, GR kept low and almost constant (Fig . la) . GR at 30 mM NaCl was at first close to that of the control, but later it became lower than the control and kept almost constant, and the variability of GR was higher than that at 60 mM NaCl (Fig .  la) . At 50 mM NaCl, the change of GR was relatively constant, similar to that at 30 mM NaCl (Fig. 1, a and b) . In the experiment in autumn, GR at 60 mM NaCl was close to the control (Fig, lc) . Fig. 1 Examples of the measured growth rates in volume of cucumber fruits as affected by salinity until the fruits grew to the marketable size in Japan (20 cm in length). The original data of Tazuke (1997a) were re-analyzed. NaCl was added to the nutrient solution when 10th leaves were expanding. Aeration rate to the solution was kept low. (a) and (b) are examples of two experiments in spring, whereas (c) is an example in an experiment in autumn. Open circles : 0 mM NaCl; closed triangles : 30 mM NaCl; closed squares : 50 mM NaCl; closed circles : 60 mM NaCl. Vertical bars are SE of the means. (c) Shape index of fruits as calculated as the ratio of the circumference at the distal half of a fruit relative to that at the proximal half of the fruit. Open circles : 0 mM NaCl ; closed circles : 60 mM NaCl.
Vertical bars are SE of the means.
Determination of the parameters of Eq. (1)
The observed values of GRmax in spring experiments are shown in Fig. 3 , along with the fitted curve of Eq. (4) obtained by the nonlinear least square method. The obtained parameters of Eq. (4) were as follows : A = 3.64 cm3 h-1, B = 0.0722 mM-1, C = 26.0 mM and E = 0.37 cm3 h-1. The multiple regression coefficient was R2=0.8197. SS in Eq. (5) took a minimum value at D=11.0 mM. The values of parameters thus obtained were used for the simulation of Eq. (1).
Simulation of fruit growth under salinity
The result of the simulation for spring and autumn experiments are shown in rig. 4 and In spring conditions, RGR of the control was high and its variability was low (Fig. 4a) . At 30 mM NaCl, RGR was initially close to the control, but gradually Vol. 42, No. 4 (2004) (13)271 Fig. 3 Maximum growth rate in volume of cucumber fruits (GRmax) as affected by salinity until the fruits grew to the marketable size in Japan (20 cm in length). The original data of Tazuke (1997a) were re-analyzed. NaCl was added to the nutrient solution when 10th leaves were expanding. Aeration rate to the solution was kept low. The superimposed curve is obtained by the nonlinear least square method : GRmax=3.64/(1+exp(0.0722x-26.0))+0.37, R2=0.8197, where x is NaCl concentration. Fig. 4 Simulated change in relative growth rate (RGR) in volume of cucumber fruits as affected by salinity in spring culture at NaCl concentrations of (a) 0 mM, (b) 30 mM, (c) 50 mM and (d) 60 mM. The maximum growth rate in volume (GRmax) was assumed to be equal to GRmax=3.64/ (1+exp(0.0722x-26.0+ l 1.0e))+0.37, where x is NaCl concentration and a is a fixed value for each fruit and obtained as a normal Gaussian noise. A fruit was assumed to grow exponentially at RGR=5% h-1 during the daytime (8 a.m. to 6 p.m.) and at RGR=2.5% h-1 during the night (6 p.m. to 8 a.m.) until growth rate of the fruit reached GRmax, thereafter, the fruit was assumed to grow at a growth rate equal to GRmax. Each point represents the average of the results of 100 runs of simulation, and the vertical bars are the standard deviations. The simulation was continued until the fresh weight of a control fruit reached 100 g.
Environ.
Control in Biol.
272 (14) Fig. 5 Simulated change in relative growth rate (RGR) in volume of cucumber fruits as affected by salinity in autumn culture at NaCl concentrations of (a) 0 mM and (b) 60 mM. The maximum growth rate in volume (GRmax) was assumed to be equal to GRmax= 3.64/(l +exp(0.0722x-26.0+11.0e))+ 0.37, where x is NaClconcentration and e is a fixed value for each fruit and obtained as a normal Gaussian noise. A fruit was assumed to grow exponentially at RGR=3.5% h-1 during the daytime (8 a.m. to 6 p.m.) and at RGR=1.8% h-1 during the night (6 p.m. to 8 a.m.) until growth rate of the fruit reached GRmax, thereafter, the fruit was assumed to grow at a growth rate equal to GRmax. Each point represents the average of the results of 100 runs of simulation, and the vertical bars are the standard deviations. The simulation was continued until the fresh weight of a control fruit reached 100 g.
decreased. The variability of RGR was high (Fig. 4b) . At 50 and 60 mM NaCl, RGR showed an early decrease with daytime-RGR being about half that of the control. The variability of RGR was more marked at 50 m NaClthan at 60 m NaCl (Fig.  4, c and d ). These tendencies of RGR are in good agreement with the observed data (Tazuke, 1997a). In autumn conditions, RGR at 60 mM NaClwas close to that of the control at first, but declined markedly from the 3rd day of the measurement (Fig. 5, a and b) . In the observed data (Tazuke, 1997a), RGR of fruits at 60 mM NaCltended to decline when the fresh weight of fruits became close to 100 g. However, the decline of RGR at 60 mM NaClin the simulation was more marked than the observed data.
DISCUSSION
Determination of the parameters of Eq. (1) The parameters A, B, C, and E of Eq. (1) were obtained by fitting the curve of Eq. (4) to the maximum growth rate until fruits grew as long as 20 cm, using the nonlinear least square method. Cucumber fruits are harvested when fruits reach 20 cm in length (about 100 g in fresh weight) in Japan. The growth of a fruit is very close to exponential until this period. Thus, the selection of the period of the measurement in the previous experiment (Tazuke, 1997a) and in the simulation in this report has horticultural significance. However, GR of a cucumber fruit continues to increase for a few more days after that period (Tazuke and Sakiyama, 1984) . Because GR was still increasing, GRmax at 0 mlvt NaClwas highly variable as shown in Fig. 3 . This can be a problem in the determination of the parameters of Eq. (4) by the least square method. Other methods of parameter determination need to be sought. Vol. 42, No. 4 (2004) ( 15)273 Another problem of the curve fitting of Eq. (4) here is the relatively small number of the NaCl concentration regimes. By increasing the number of NaCl concentration regimes, a more reliable estimation of the parameters would be possible.
Evaluation of the parameters of Eq. (1) The obtained value of parameters A and B of Eq. (1) were 3.64 cm3 h-1 and 0.072 mM-1, respectively. The rather low value of B reflects the relative flatness at the flexion point of the fitted curve in Fig. 3 . This value, as well as that of parameter A is highly dependent on the GRmax value at 0 mM. So, these values may be changed through further investigation. The obtained value of parameter C was 26 mM. This means the flexion point of the response curve is close to 30 mM. The intermediate value and high variability of RGR at 30 mM NaCl (Tazuke, 1997a) Fruit response to salinity is highly influenced by the growing season and weather conditions (Tazuke, 1997a), fruit temperature (Tazuke, 1997a) and dissolved oxygen concentration of the nutrient solution (Tazuke, 1997b) . The variability term (D) of Eq. (1) can be related to the variation in the environmental conditions mentioned above. Thus, it remains to be tested whether the D value will become smaller in experiments with more precise environmental control.
For the simulation of the fruit growth in autumn, the values of the parameters of Eq. (1) obtained using the growth data in spring were used. In observed data, RGR (Tazuke, 1997a) and GR (Fig. lc) at 60 mM NaCl were close to the control. On the other hand, the simulated RGR at 60 mM NaCl showed a marked decline, contrary to the observed data. This suggests that there may be a seasonal change in the parameters of Eq. (1). Experiments with higher NaCl concentrations that cause growth inhibition in autumn will be needed to confirm this. The seasonal difference in parameters of Eq. (1) would be useful for a quantitative description of the seasonal difference of the response of fruit growth to salinity. Physiological interpretation of the assumptions of the model In the present study, maximum growth rate of a fruit was assumed to be determined by Eq.
(1). The performance of the simulation confirms the phenomenological suitability of this assumption. However, the underlying physiological mechanism of the determination of GRmax is not certain. In their experiments, Ehret and Ho assumed the cause of the effect of salinity on the growth of tomato fruit is due to low water potential of the nutrient solution (Ehret and Ho, 1986c) . Yakushiji et al. (1996) attributed the sugar accumulation of Satsuma Environ.
274 (16) mandarin fruit under water stress to osmoregulation.
On the other hand, Zinselmeier et al. (1999) reported that the application of sucrose to water stressed maize kernel prevented the abortion. Thus, the carbon status of a fruit may also be involved in the growth reduction of cucumber fruit.Because percent dry matter of a fruit is relatively constant at the observed stages (Tazuke and Sakiyama, 1984) , the linear growth in fresh weight corresponds to a constant rate of the import of photoassimilates to a fruit. This suggests a possibility that the shortage or limitation in the supply of photoassimilates is involved in the growth inhibition of a fruit. However, the typical values of GRmax in fruits whose growth was inhibited were in the range from 0.5 to 1 cm3 h-1. Taking into account that the percent dry matter of a fruit is about 5% (Tazuke and Sakiyama, 1984) , the GRmax values of fruits of which the growth was inhibited requires only a small portion of the total photoassimilates of a plant. Thus, GRmax may perhaps be more regulated by the maximum flux through the peduncle rather than by the overall availability of photoassimilates of a plant. In optimum conditions, sink activity of a fruit is the determinant of the growth rate (Tazuke and Sakiyama, 1986) . The inhibition of the development of placental tissue was often observed in fruits whose growth was inhibited. It accompanied the inhibition of the development of seed and/or empty seed coat (Tazuke, 2001) . The correlation between the seed activity and fruit growth has long been studied (Nitsch, 1950) . In cucumber, which usually bears parthenocarpic fruits, empty seed coat is suggested to play a similar role (Varga and Bruinsma, 1990) . It is possible that a dynamic relation between sink activity and sink demand of a fruit is the cause of an apparent constant maximum growth rate. In order to develop a more mechanistic model, more experiments will be needed to differentiate the effects of water potential and carbon economy of a fruit. 276 (18) 
